Immune cells have evolved to recognize and eliminate pathogens, and the efficiency of this process can be measured in a Petri dish. Yet, even if the cells are time-lapse recorded and tracked with high resolution, it is difficult to judge whether the immune cells find their targets by mere chance, or if they approach them in a goal-directed way, perhaps using remote sensing mechanisms such as chemotaxis. To answer this question, we assign to each step of an immune cell a 'p-value', the probability that a move, at least as target-directed as observed, can be explained with target-independent migration behavior. The resulting distribution of p-values is compared to the distribution of a reference system with randomized target positions. By using simulated data, based on various chemotactic search mechanisms, we demonstrate that our method can reliably distinguish between blind migration and target-directed 'hunting' behavior.
INTRODUCTION
The ability of immune cells to find and kill pathogens in the body is critical for survival [1, 2] , and is increasingly used in new immunotherapies for cancer treatment [3] [4] [5] . At the same time, important insights about the interaction between immune and cancer cells are being gained from highly controlled in-vitro experiments, in which the migration trajectories of all individual cells, as well as their interactions after steric contact, can be directly observed and quantitatively evaluated.
In vivo, chemotaxis [6] plays a vital role in recruiting motile immune cells to sites of infection or to malignant cancers. This recruitment of immune cells is often based on endogenous chemo-attractants, which are released by other host cells that are already present at the location where a pathogen has invaded the body. However, the fact that individual immune cells are also able to find and eliminate cancer cells in-vitro, without being assisted by any other components of the immune system, suggests that immune cells may be guided by chemical traces or other cues produced by the cancer cells themselves.
In this work, we develop a new statistical method which tests whether the immune cells are somehow attracted towards their targets, or if they simply perform a random walk that occasionally leads to chance encounters with a target cell. For this purpose, we consider an in-vitro assay where immune and target cells are randomly mixed together within a suitable matrix. We assume that the cells are time-lapse recorded with sufficient temporal resolution.
Applying automatic tracking methods to the video recordings provides the individual cell trajectories, which are in the following approximated as sequences of straight moves between the recorded discrete positions.
The basic idea behind our method is that the migration behavior of an immune cell changes in a characteristic way as soon as it starts to home in on a target: compared to the immune cell's 'normal' migration behavior, a purposeful target approach will reveal itself by a larger probability of 'suspicious' moves that aim to align the immune cell's migration direction towards the target.
Measuring this increased frequency of target-directed moves requires prior knowledge of the immune cell's 'normal' migration properties. We therefore first determine the probability distribution p i (θ) of turning angles θ for each individual immune cell i. We then select out all those parts of the recorded cell trajectories where an immune cell is migrating in the vicinity of a potential target cell. More precisely, our analysis is based on 'triplets': sequences of three successive video frames (t = 1, 2, 3) in which the distance between a focal immune cell (the gray circles in Fig. 1a ) and some neighboring cancer cell (orange circle) is smaller than a pre-defined maximum interaction radius r max . Within each triplet, we consider the final move of the immune cell between time steps t = 2 and t = 3.
Based on the turning angle distribution p i (θ), we can define a 'persistence cone' as the interval of the immune cell's most probable migration directions (blue shaded area in Fig. 1a ).
We can also define an 'approach cone' as the interval of migration directions which are at least as target-oriented as the actual move of the immune cell (orange shaded area).
Finally, by integrating p i (θ) over all turning angles θ within the approach cone, we can compute a 'p-value', subsequently denoted by the symbolp, and defined as the probability that a move, at least as target-directed as observed, can be explained with target-independent migration behavior. A very small p-value indicates a 'suspicious' move that provides a certain evidence for target-directed behavior.
Note that the p-value is small only if three conditions are simultaneously fulfilled: (A)
The persistence cone is narrow, due to large directional persistence of the immune cell. Finding just a few triplets with very low p-value does not provide convincing evidence for a target-directed immune cell migration in general. We therefore compute the distribution prob obs (p) of observed p-values over all evaluated triplets. The example distribution in Finally, we need to compare prob obs (p) with a reference distribution prob ref (p) of a system that resembles the observed one in all respects, except that there are no interactions between immune and cancer cells. To obtain this reference distribution, we use a bootstrapping method [7] : for each triplet, we leave the three positions of the immune cell unchanged, but shift all target cells that are located within the maximum interaction radius r max to new, independent random positions within that radius (Fig. 1c) . We then compute a histogram of the p-values based on these altered configurations to obtain prob ref (p) (orange line in Fig. 1d ).
It turns out that the distribution of p-values in non-interacting systems is in general not uniform, nor does it correspond to any other standard distribution. However, any strong differences between the observed and the reference distribution, such as apparent in 
RESULTS

Validation of the method
In order to validate our method, we apply it to artificial data from computer simulations of chemotactic behavior [8] . These simulations allow us to control the migration properties of the immune and target cells, and make it possible to switch between different chemotactic search strategies that might plausibly be used by actual immune cells.
We start with a case where the immune cells do not interact at all with the targets but migrate 'blindly', according to a correlated random walk with fixed parameters for the mean step width (speed) and for the degree of directional persistence (For details, see 'Blind Search' in [8] ). As expected, the resulting p-value distribution is identical to that of the randomized reference system (Fig. 2(a) ).
While cell migration can be well described as a correlated random walk with fixed parameters for short time scales (a few minutes), it has been demonstrated that migration parameters change gradually or abruptly on longer time scales [9] , even if the environment of the migrating cells is homogeneous, as on a plane Petri dish. If, accidentally, a change of migration parameters happens in the vicinity of a target cell, this may be miss-interpreted as a signal for long-range cell-cell interactions. To rule out this possibility, we next apply our method to a simulation in which the immune cells are still blind with respect to the targets, but occasionally switch between a highly persistent and a non-persistent (diffusive) migration mode (For details, see 'Random Mode Switching' in [8] ). Although this heterogeneous type of migration changes the overall shape of the p-value distribution considerably, the observed and reference distributions are again identical (Fig. 2(b) ).
Next we turn to a case where the simulated immune cells actually approach the targets by following the temporal gradient of chemo-attractant (For details, see 'Temporal Gradient Sensing' in [8] ). The used model assumes that the immune cells stay in a highly persistent migration mode as long as the concentration of chemo-attractant is increasing with time.
When the concentration is decreasing, the immune cells switch to a diffusive mode in order to find a more goal-directed migration direction. Since this chemotactic mode switching resembles the random mode switching considered before, the overall shape of the p-value distribution is similar in Fig. 2 (c) and in Fig. 2(b) . Now, however, there are significant differences between the observed and reference distributions (blue and orange lines in Fig. 2(c) ).
In particular, the observed distribution shows a larger probability of p-values smaller than 1/2, thus indicating attractive interactions.
Finally, we consider a case where the simulated immune cells are able to sense the spatial gradient of chemo-attractant and to actively turn into the direction of a nearby target (For details, see 'Spatial Gradient Sensing' in [8] ). This chemotactic approach strategy leads to yet another shape of the p-value distribution. More importantly, since target-directed turns of the immune cells are considered as highly 'suspicious' moves in our method, we now find very large differences between the observed and reference distributions (blue and orange lines in Fig. 2(d) ).
METHODS
Quasi-2D and 3D essays
We assume an experimental assay where immune and cancer cells are mixed together in a collagen gel, or in any other matrix which is suitable for effective cell migration and which enables proper imaging with a microscope. If the matrix layer has a vertical thickness of only a few cell diameters, the system can be considered quasi two-dimensional, and the subsequent analysis can be restricted to the horizontal (x,y) cell positions. In the case of thicker matrices, where two cells can have the same horizontal position but be in different vertical planes, the z-position of the cells has to be measured as well, which is often not possible with very high precision For this reason, out method is strongly focused on the horizontal cell coordinates. The z-coordinates are only used to select pairs of immune and target cells from similar z-planes as possible interaction partners.
Format of input data
We assume that the cells in a given field of view are time-lapse recorded with sufficient spatial and temporal resolution. Automatic tracking methods can then be used to extract from each video frame the momentary cell configuration, which is stored in a separate file for later convenience. Each configuration file should contain a list of lines in the form (x, y, z, i, c), with each line corresponding to a specific cell. Here, x, y, z are the coordinates of the cell center, i is an ID number that is unique to each cell and that persists over subsequent video frames, and c ∈ {0 = immune, 1 = target}) is the category of the cell.
The number of lines in the configuration files can change from one time point to the next, as cells may leave or enter the microscope's field of view, because of cell division and death, or due to tracking problems.
2D cell migration model
From the configuration files, we extract the temporal trajectory of each individual cell i, defined as the list of 3D positions R t is approximated by a directionally persistent random walk with a certain distribution p i (w) of step widths w, and a distribution p i (θ) of turning angles θ. Here, the step width in the move from time t to t+1 is defined as w = | r 
The turning angle distribution is modeled as a von Mises distribution with persistence parameter κ i :
Note that the speed and persistence parameters can be efficiently estimated from the time series of step widths and turning angles [10] . The two parameters σ i and κ i describe the 'normal' (average) migration properties of each individual cell i.
Triplet-based analysis
After the determination of the 'normal' cell migration properties, our method analyzes the motion of the individual immune cells in the context of their surrounding target cells.
It is of practical importance that the cells need not to be tracked consecutively over a large number of frames, as our method requires only short 'triplets': sequences of three successive frames in which the positions of the same immune cell i and of at least one nearby target cell j (located within a three-dimensional sphere of radius r max ) are available. If a cell trajectory contains tracking gaps, the specific triplets containing such gaps are excluded from the analysis, but all other triplets are being used.
Observed p-values
From each triplet we obtain three successive positions r and s 2 is called the 'approach cone' (orange shaded area in Fig. 1(a) 
If there is more than one target in the triplet, a separate p-value is computed for each target.
The same procedure is repeated for all triplets of immune cell i, and for all other immune cells i = i in the same way. All p-values are pooled, and a histogram finally yields the distribution prob obs (p).
Reference p-values
In order to obtain a reference distribution of p-values without any interactions between immune and target cells, we use a bootstrapping method [7] : for each triplet, we leave the three positions of the immune cell unchanged, but shift all target cells that are located within the maximum interaction radius r max to new, independent random positions within that radius (Fig. 1c) . We then compute a histogram of the p-values based on these altered configurations to obtain prob ref (p) (orange line in Fig. 1d ).
DISCUSSION
In this work, we have addressed the question of whether immune cells in a Petri dish find their targets by chance, or are attracted to the targets by some long-range interactions.
This question has the form of a statistical hypothesis test, with the null hypothesis being that the immune cells perform a free random walk, independently of the target positions.
Therefore, each step of an immune cell can be associated with a p-value, the probability that a step at least as target-directed as observed could occur in a free (target-blind) random walk.
Recently, and for good reasons, the misuse of p-values has been strongly criticized in the scientific community [11] [12] [13] [14] . The core of the problem is that many research studies treat the p-value as a uniquely defined feature of their experiment, whereas there actually exists a (meta-) probability distribution for the p-value [15, 16] We have validated the method using simulated data, assuming two cases where the immune cells perform a free (target-blind) random walk, as well as two cases where the immune cells are using temporal or spatial chemo-attractant gradients to home in on the targets.
Our method shows almost identical distributions prob obs (p) and prob ref (p) in the first two cases, but a strong enhancement of small p-values in the last two cases. We therefore conclude that the presented method can reliably distinguish between target-blind migration and purposeful pursuit.
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